for the TAO Investigators IMPORTANCE The optimal anticoagulant for patients with non-ST-segment elevation acute coronary syndromes (NSTE-ACS) managed with an invasive strategy remains controversial.
M ajor progress has been made in the management of non-ST-segment elevation acute coronary syndromes (NSTE-ACS) because of the availability of potent combinations of oral antiplatelet agents and injectable anticoagulants and the increasing use of an invasive strategy. [1] [2] [3] [4] [5] Nevertheless, the risk of adverse outcomes remains substantial, 6 and there is no consensus on a single optimal injectable anticoagulant that can be used across the continuum of care from the emergency setting through revascularization (when applicable). Unfractionated heparin (UFH), particularly when combined with a glycoprotein IIb/IIIa receptor inhibitor at the time of percutaneous coronary intervention (PCI), 7 remains an effective and widely used therapy, and its use is supported by US and European guidelines. 1, 2 Unfractionated heparin, however, has limitations, including a narrow therapeutic window, a somewhat unpredictable anticoagulant response, and activation of the platelet factor 4 receptor. 8 The addition of glycoprotein IIb/IIIa receptor inhibitor to UFH at the time of PCI enhances the efficacy of UFH for the treatment of ACS, 1, 2 although it increases bleeding risk. The synthetic intravenous direct factor Xa inhibitor, otamixaban, inhibits thrombin generation in a dose-dependent manner, with a rapid onset and offset of action, linear kinetics, and limited renal elimination. [9] [10] [11] The phase 2, dose-ranging Study Program to Evaluate the Prevention of Ischemia With Direct Anti-Xa Inhibition in Acute Coronary Syndromes 1-Thrombosis in Myocardial Infarction 42 (SEPIA-ACS1 TIMI 42) trial involving patients with NSTE-ACS and a planned invasive strategy, even though not powered for efficacy, showed a reduction in the combined outcome of death or myocardial infarction in patients treated with otamixaban compared with UFH plus eptifibatide and showed similar bleeding rates with otamixaban at midrange doses. 12 Previous studies with factor Xa antagonists in ACS have identified ariskofproceduralthromboticcomplicationsthatmandatecareful titration of these drugs or additional antithrombotic agents at the time of PCI, 13 but this was not seen at midrange doses of otamixaban. Thus, given its rapid onset and offset, intravenous administration, and predictable anticoagulant response that does not require monitoring, otamixaban was attractive as a single anticoagulant to be used across the continuum of care for NSTE-ACS, from emergency care through intervention.
The Treatment of Acute Coronary Syndromes with Otamixaban (TAO) trial was designed as a superiority trial to compare the clinical efficacy and safety of otamixaban with that of UFH plus downstream eptifibatide in patients with NSTE-ACS with a planned invasive strategy.
Methods

Study Patients
The design of the TAO trial has been published. 14 In brief, eligible patients were those with NSTE-ACS scheduled to undergo an early invasive strategy (angiography and PCI, if indicated, to be performed within 36 hours of randomization and at the latest on day 3; eTable 1 in the Supplement). All patients provided written informed consent. In every participating country, the study was approved by ethics committees in accordance with local guidelines. The main exclusion criteria were revascularization procedure already performed for the qualifying event; acute ST-segment elevation myocardial infarction; receipt of a therapeutic dose of injectable anticoagulant for more than 24 hours before randomization; or treatment with abciximab. If received in the 24 hours before randomization, treatment with UFH or bivalirudin must have been discontinued at least 90 minutes but no longer than 150 minutes before starting otamixaban and the last dose of low-molecularweight heparin or fondaparinux must have been received at least 8 hours before starting otamixaban.
Study Treatments
The study used a double-blind design, with 2 stages.
14 During the first stage, until a planned interim analysis, patients were randomized using a centralized interactive voice-web response system, stratified by center, to the UFH-pluseptifibatide group or to 1 of 2 otamixaban dosing groups (intravenous bolus of 0.080 mg/kg followed by an infusion of either 0.100 mg/kg per hour or 0.140 mg/kg per hour) in a 1:1:1 ratio (eFigure 1 in the Supplement). The infusions of otamixaban or placebo and UFH or placebo were initiated and discontinued simultaneously. The planned interim analysis, to be performed after at least 1969 patients had been randomized in each group and had completed a 7-day follow-up (approximately 35% fractional information), allowed the data monitoring committee to choose (using a predefined algorithm and while maintaining the blind for patients, investigators, and sponsor) the optimal otamixaban-dose group (in this case the higher-dose group) to continue until study end. Thus, in the second stage, patients were randomized in a 1:1 ratio either to the UFH-pluseptifibatide group or to the otamixaban group (intravenous bolus of 0.080 mg/kg followed by a 0.140-mg/kg per hour infusion). Investigators and patients were blinded for the drug and the dose.
In the UFH-plus-eptifibatide group, throughout both study stages, patients received UFH (60-IU/kg intravenous bolus [maximum, 4000 IU] followed by an infusion of 12 IU/kg per hour [maximum, 1000 IU/h] to maintain an activated partial thromboplastin time at 1.5-2.0 times the control group) as soon as possible after randomization and continued until the end of PCI. At the time of PCI, additional UFH boluses could be administered if the activated clotting time was not in the 200-to 250-seconds range. For the investigators to remain blinded, all activated partial thromboplastin time-activated clotting times completed to adjust UFH or placebo were performed using an encrypted device (Hemochron Signature Elite machine, International Technidyne Corp).
Blinded treatment with eptifibatide was initiated at the start of PCI, with a 180-µg/kg bolus immediately before PCI, followed by a continuous infusion of 2.0 µg/kg per minute, and a second 180-µg/kg bolus 10 minutes later. For patients with a creatinine clearance lower than 50 mL/min, the infusion rate was reduced to 1 µg/kg per minute. The infusion was to be given for 18 to 24 hours after PCI or until hospital discharge, whichever came first, with an option for blinded bailout eptifibatide (for those randomized to otamixaban) or placebo (for those originally randomized to UFH plus eptifibatide) to be given only when deemed necessary by the investigator (who remained blinded to all study drugs). If angiography did not lead to PCI, eptifibatide or placebo was not administered and the duration of anticoagulation with UFH and placebo and otamixaban and placebo was left to the investigator's discretion, but could not exceed 4 days or to hospital discharge, whichever came first.
In addition to the blinded study medication, all randomized patients were to receive both aspirin and an oral adenosine diphosphate receptor antagonist (eg, clopidogrel, prasugrel, ticagrelor) in accordance with local label or guidelines.
Outcomes
The primary efficacy outcome was the composite of all-cause death or new myocardial infarction from randomization to day 7. Secondary efficacy outcome measures included the primary outcome up to day 30, the composite of all-cause death, new myocardial infarction, or any stroke from randomization to day 7; rehospitalization or prolongation of hospitalization due to a new episode of myocardial ischemia or myocardial infarction from randomization to day 30; all-cause death from randomization to day 30; and periprocedural and postprocedural thrombotic complications during the index PCI (including postprocedural stent thromboses, categorized according to the Academic Research Consortium classification 15 ). Myocardial infarctions were categorized according to the 2007 universal definition. 16 Key efficacy and safety outcomes, including all procedural complications, were adjudicated by a clinical events committee (TIMI Study Group, eAppendix in the Supplement), unaware of treatment assignments, and, in the case of procedural complications, with review of the angiograms.
The primary safety outcome was the composite of Thrombosis in Myocardial Infarction (TIMI) major or minor bleeding (coronary artery bypass graft [CABG]-related and non-CABG-related surgery), measured from randomization through day 7. Other safety outcome measures included CABGrelated and non-CABG-related bleedings according to the Global Utilization of Streptokinase and t-PA for Occluded Coronary Arteries (GUSTO), Bleeding Academic Research Consortium (BARC), 17 and Clopidogrel and Aspirin Optimal Dose Usage to Reduce Recurrent Events-Seventh Organization to Assess Strategies in Ischemic Symptoms (CURRENT-OASIS 7) 18 classifications.
Statistical Analysis
Assuming an event rate of the composite of all-cause death or new myocardial infarction through day 7 in the UFH-pluseptifibatide group of 5.0%, a relative risk (RR) reduction of 25%, a binomial 1-sided (α = .025) superiority test for the comparison of 2 proportions, and a 2-stage adaptive design with 1 interim analysis at 35% fractional information, simulations showed that 13 220 patients (5625 per group for the 2-stage, 2-group study) would yield 88% power for demonstrating the superiority of otamixaban.
At the interim analysis planned after at least 1969 patients had been randomized and reached day 7 follow-up in each group, 14 the otamixaban dose for stage 2 of the trial was selected as described in eFigure 1 in the Supplement. At that time, the rates of the primary efficacy outcome in the higher-dose otamixaban group was 4.7% (the one selected to go forward) and was 5.6% in the UFH-pluseptifibatide group (adjusted RR, 0.848; 95% CI, 0.662-1.087) but the lower-dose group fulfilled the prespecified criteria for futility with a RR of more than 1 (primary efficacy outcome, 6.3%; RR, 1.130; 95% CI, 0.906-1.408) and was discontinued.
All efficacy analyses and bleeding analyses were performed on the intention-to-treat population, except for thrombotic procedural complications, which were analyzed on the randomized PCI population (ie, all randomized patients who underwent an index PCI). The primary efficacy outcome comparison used the Fisher exact test and a closed testing procedure for ensuring a global 2-sided α level of .05.
14 Secondary outcomes were to be examined in a hierarchical testing procedure if the primary outcome reached statistical significance. Events occurring among patients who received the discontinued otamixaban dose were not considered in primary outcome analyses, which pertained only to participants randomized to the higher dose of otamixaban vs UFH plus eptifibatide, not to the low-dose otamixaban group. There was no prespecified testing for safety variables. For efficacy and safety outcomes, the 6 patients without an event and who were not followed up to day 7 were considered event free at day 7 (for both efficacy and safety events), unless otherwise specified. Continuous variables are reported as medians (interquartile ranges [IQRs] ). Categorical variables are reported as frequencies and percentages. Analyses were performed using SAS version 9.2 (SAS Institute Inc).
Results
Patient Characteristics and Treatments
Overall, 13 229 patients were randomized into the trial from 568 active sites in 55 countries between April 2010 and February 2013 (Figure 1 ). At the prespecified interim analysis, the data monitoring committee terminated enrollment of patients to the 0.100-mg/kg per hour otamixaban group because of futility (efficacy hazard ratio [HR] >1.0 vs UFH plus eptifibatide) and thus selected the 0.140-mg/kg per hour otamixaban group to continue enrollment until the end of the trial.
The baseline characteristics of the 13 229 randomized patients were well matched between groups and typical of an ACS trial population. Overall, 11 646 patients (88.0%) of the population had elevated biomarkers and 5404 (40.8%) had electrocardiographic changes; 4994 patients (37.9%) had ST-segment depression of at least 1 mm, 769 (5.8%) had transient ST elevation, and 281 (2.1%) had left bundlebranch block. Approximately 40% of the patients had a GRACE (Global Registry of Acute Coronary Events) risk score higher than 133 points.
Treatments given during the index hospitalization are summarized in Table 1 , which compares those included in the primary efficacy analysis. Almost all patients received aspirin and an oral adenosine diphosphate receptor antagonist, with a majority taking clopidogrel, with a 600-mg or higher loading dose in 28.2% (n = 3736). The adenosine diphosphate antagonist was almost always (97.3%) administered prior to PCI, at a median interval of 16:00 hours (IQR, 6:37-23:15 hours) before PCI. A total of 8320 patients (62.9%) had received an injectable nonstudy drug anticoagulant in the 24 hours before randomization, mostly low-molecularweight heparin or UFH. Angiography was performed in 13 125 patients (99.2%) and led to PCI in 8656 patients (65.4%) and to CABG surgery in 682 patients (5.2%). Radial access was used in more than half of the patients in both groups. The median duration of study anticoagulant administration was 4:06 hours (IQR, 3:12-9:44 hours) in the otamixaban group and 4:12 hours (IQR, 3:14-11:50 hours) in the UFH-plus-eptifibatide group. Study anticoagulant was prematurely discontinued in 413 patients (8.1%) in the otamixaban group and in 306 (5.6%) of the UFH plus eptifibatide group (P < .001).
Efficacy
Follow-up to day 7 was available for 13 223 (99.95%) of the patients. The primary outcome of death or myocardial infarction through day 7 occurred in 5.5% of the patients treated with otamixaban 0.140 mg/kg per hour vs 5.7% of the patients treated with UFH plus eptifibatide (RR, 0.99 [95% CI, 0.85-1.16]; P = .93; Table 2 and Figure 2 ). Otamixaban did not significantly reduce the risk of any of the components of the primary outcomes, either death or myocardial infarction (of which the vast majority were periprocedural), or of any of the secondary efficacy outcomes ( Table 2 ). The rate of thrombotic procedural complications was 4.0% in patients treated with otamixaban vs 4.6% in patients treated with UFH plus eptifibatide (RR, 0.88 [95% CI, 0.70-1.10]; Table 2 ; and eTable 2 in the Supplement); in particular, the rates of stent thrombosis were 1.3% vs 1.6% (RR, 0.81; 95% CI, 0.55-1.20) and the rates of catheter or guidewire thrombus were less than 0.1% vs 0.3% (RR, 0.12; 95% CI, 0.02-0.94). Analysis of the primary outcome by 30 days confirmed the absence of a reduction with otamixaban (RR, 1.02 [95% CI, 0.89-1.17]; P >.99).
In the lower-dose otamixaban group, discontinued by the data monitoring committee for futility based on the interim analysis, the rate of the primary outcome at day 7 was 6.3% (adjusted RR, 1.11; 95% CI, 0.92-1.33; eFigure 2 in the Supplement). The efficacy and safety outcomes with otamixaban 0.100 mg/kg per hour vs UFH plus eptifibatide are shown in eTable 3 in the Supplement. 
Subgroups
The effect of otamixaban on the primary efficacy outcome was examined across prespecified subgroups and did not differ as a function of baseline characteristics, medical history, prior treatment with antithrombotic agents, disease characteristics, or patient management ( Figure 3) . The outcome also did not differ as a function of baseline risk assessed by the TIMI or GRACE risk scores (nonprespecified subgroups) or as a function of duration of infusion of study drug anticoagulant (subgroup defined after randomization; Figure 3 and eFigure 3A in the Supplement). There was a nonsignificant sex-bytreatment interaction (P = .053).
Safety
Patients in the otamixaban group had an increased rate of the primary safety outcome of TIMI major or minor bleeding at day 7 compared with patients in the combination of UFHplus-eptifibatide group (3.1% vs 1.5%; RR, 2.13 [95% CI, 1.63-2.78]; P < .001; Table 2 ). Otamixaban consistently increased all types of bleeding events, regardless of the severity or bleeding classification scheme used (Table 2 ; and eTable 4 in the Supplement), and without interaction across patient subsets, including demographics, previous treatment, risk scores, biomarkers or management (eFigure 3B and eFigure 4 in the Supplement). Study anticoagulant was discontinued because of bleeding in 242 patients (4.7%) in the otamixaban group and in 95 patients (1.7%) in the UFH-pluseptifibatide group (P < .001). Except for bleeding, there were no differences in the rate of adverse events or serious adverse events or liver-function abnormalities (eTable 5 in the Supplement). The lower dose of otamixaban (before this dose group was discontinued at the interim analysis) increased the rate of the primary safety outcome (TIMI major or minor bleeding up to day 7) compared with UFH plus eptifibatide (RR, 1.57; 95% CI, 1.13-2.18).
Discussion
Compared with UFH and eptifibatide, otamixaban was not superior in reducing the risk of ischemic outcomes in patients with NSTE-ACS whose conditions were managed with an invasive strategy. Meanwhile, the risk of major or minor bleeding was approximately doubled with otamixaban. These results were consistent across patient subgroups. A lower dose of otamixaban did not achieve better results. The SEPIA-ACS1 TIMI 42 dose-ranging trial had suggested a clinical benefit of otamixaban in NSTE-ACS, in a population similar to that enrolled in TAO. 12 In a post hoc analysis, a 44% to 48% RR reduction in death or myocardial infarction was seen in the midrange doses compared with UFH plus eptifibatide, similar to those tested in the TAO trial. However, even though SEPIA-ACS1 was a large, doseranging trial, with 3241 patients, there were only 17 to 22 deaths or myocardial infarctions in each group; consequently, there were wide confidence intervals around the point estimates for effect size, which overlap the effect seen in TAO (eFigure 5 in the Supplement). Moreover, in a doseranging trial, a relatively high event rate in the UFH-pluseptifibatide group can falsely inflate the estimated treatment effect across multiple experimental groups, hence the need for a definitive phase 3 trial such as TAO, with 15-fold more outcomes per group. Another difference between the 2 trials is the dosing of eptifibatide: in SEPIA-ACS1 12 a single bolus was administered at randomization, whereas in TAO eptifibatide was given as a double bolus but only in patients undergoing PCI, as recommended in guidelines. 1, 2 This difference may have affected efficacy and safety, explaining in particular why the excess risk of bleeding with otamixaban appeared greater in TAO than in SEPIA-ACS1. The rates of death or myocardial infarction were slightly higher in TAO than in SEPIA-ACS1, possibly reflecting the increased sensitivity of troponins. In SEPIA-ACS1, myocardial infarctions were evenly distributed between spontaneous and periprocedural, whereas in TAO approximately threequarters of the myocardial infarctions were periprocedural. The ability of any anticoagulant (as opposed to antiplatelet therapy) to affect the proportion of patients exhibiting peri-PCI elevation in the era of more sensitive cardiac biomarkers of necrosis may be more limited. Procedural thrombotic complications were increased at lower doses of otamixaban in SEPIA-ACS1 12 and thus played an important role in selecting the dose for phase 3. The TAO study confirmed that with sufficiently high doses of intravenous Xa inhibition, procedural thrombotic complications do not appear to be an issue. In TAO, the rate of guidewire or catheter thrombosis was lower with otamixaban. This contrasts with previous experiences with low doses of an Xa inhibitor with fondaparinux in the OASIS-7 trial 19 and may be related to the relatively high dose of otamixaban used in this trial, which was associated with increased bleeding compared with UFH plus eptifibatide.
Despite the limitations of UFH as an anticoagulant, 8 no single agent has emerged as an unambiguous standard of care for anticoagulation in NSTE-ACS, and guidelines offer several options, with UFH, bivalirudin, low-molecularweight heparin, or fondaparinux.
1,2
Consequently, there is marked variation in the use of anticoagulants for ACS, with frequent overlap between multiple anticoagulants, particularly when ACS patients proceed to PCI. [20] [21] [22] [23] [24] [25] Otamixaban is theoretically attractive as anticoagulant for NSTE-ACS: it is an injectable agent with rapid onset and offset, modest renal elimination, and predictable anticoagulant effect that obviates the need for monitoring. The TAO results, however, demonstrate lack of efficacy benefit but marked increases in bleeding when compared with UFH plus a glycoprotein IIb/IIIa receptor inhibitor, even with the majority of patients undergoing transradial PCI.
The lack of difference between otamixaban and UFH plus eptifibatide was not related to lack of power. In fact, the global study power based on the observed event rate in the UFH-pluseptifibatide group was 90.3%, higher than the planned 88% power.
14 TAO was a superiority trial, and although there is the possibility that otamixaban might have achieved noninferiority to UFH plus eptifibatide, the consistent increase in bleeding makes use of otamixaban a nonviable clinical option, and it is unlikely that a higher otamixaban dose would have achieved superior efficacy results without intolerable bleeding. Conversely, a reduced dose also had increased bleeding compared with UFH plus eptifibatide, with numerically higher rates of ischemic outcomes than UFH plus glycoprotein IIb/IIIa receptor inhibitor. These results suggest a narrow therapeutic window for acute Xa inhibition and that increasing the intensity of anticoagulation via this mechanism will not achieve superior efficacy-safety balance in ACS in the modern era of intervention, when patients are receiving combined injectable anticoagulation, dual antiplatelet therapy, and routine early intervention.
Study Limitations
Most patients (62.9%) had received injectable anticoagulation before randomization, and the duration between onset of the ischemic episode and randomization was more than 12 hours in a majority of patients. Conversely, the duration of study drug infusion was relatively brief, reflecting the short interval between presentation and angiography in contemporary practice and therefore the limited time for novel agents to bring differential benefit. Both these factors would tend to attenuate the effect of study treatment on outcomes. However, exclusion of patients who had received a prior anticoagulant would have made enrollment extremely challenging, and delaying angiography to maximize study drug duration would be impractical and possibly unethical. Furthermore, these limitations were also present in SEPIA-ACS1, and, within TAO, the treatment effects did not appear affected by pretreatment with anticoagulation or Therefore, otamixaban, compared with UFH alone, might have achieved superior efficacy; however, this benefit would likely have been achieved at the expense of a higher increase in bleeding risk. Almost all patients in this trial and in SEPIA-ACS 1 were treated with clopidogrel; the efficacy and safety of potentially lower doses of otamixaban on a background of stronger adenosine diphosphate receptor blockade remain unknown. Unfractionated heparin plus eptifibatide was selected as the control treatment. Other regimens might have offered a different benefit-risk profile, 13, 19, 26, 27 but because otamixaban did not display superior efficacy and did show worse safety, this point is moot. 
Conclusion
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